Computational integral imaging (CII) is a new method for 3D imaging and visualization. However, it suffers from seriously poor image quality of the reconstructed image as the reconstructed image plane increases. In this paper, to overcome this problem, we propose a CII method based on a smart pixel mapping (SPM) technique for partially occluded 3D object recognition, in which the object to be recognized is located at far distance from the lenslet array. In the SPM-based CII, the use of SPM moves a far 3D object toward the near lenslet array and then improves the image quality of the reconstructed image. To show the usefulness of the proposed method, we carry out some experiments for occluded objects and present the experimental results.
I. INTRODUCTION
Integral imaging is a new method for 3D imaging and visualization using a lenslet array [1] . Compared to other 3D imaging and display techniques, integral imaging has some advantages including full parallax, continuous viewing points and color imaging. In general, an integral imaging system consists of two processes: pickup and reconstruction [2] [3] [4] [5] . In the pickup process, a lenslet array is used to capture the 3D object. Each of the lenslets provides a different perspective view of a 3D object, which results in a collection of demagnified 2D images. The captured image is called an elemental image array (EIA). In the reconstruction process, 3D images are reconstructed in reverse from the EIA through a similar lenslet array used in the pickup process.
In integral imaging, the reconstruction process of the 3D image can be done either optically or computationally. Optical reconstruction tends to degrade the image quality due to the diffraction and limitation of optical devices. To overcome these problems, computational reconstruction was studied [6] [7] [8] [9] [10] [11] . Computational reconstruction is a technique based on the ray-tracing analysis to simulate the ray propagation mechanism by using a computer. The 3D image reconstructed with this technique does not have the problems caused by optical reconstruction as there are no optical devices involved. However, computational reconstruction also suffers from a few drawbacks such as low resolution, high computational cost, and interference between elemental images [9] . Many methods have been studied to overcome these problems [7] [8] [9] [10] [11] . Recently, one of our authors proposed a reconstruction method using a digital depth-conversion method, which is called smart pixel mapping [12] , for EIA to reduce the computational cost [13] . SPM is a digital mapping procedure to map the EIA to an image plane.
The SPM-based computational reconstruction may be useful for pattern recognition of partially occluded 3D objects [14, 15] , in which the 3D object to be recognized is always located much farther from the lenslet array compared to the occlusion. In fact, the previous computational reconstruction method suffers from seriously poor image quality of the reconstructed image as the reconstructed output plane increases. In other words, large depth of the reconstructed output plane requires a large magnification factor in the computational reconstruction processes so that many overlapping process increases interference noise among adjacent pixels in the reconstructed image. Therefore, if we reduce the distance of the output plane with the help of SPM, occluded 3D objects can be reconstructed to improve the resolution because the interference noise decreases in the reconstructed image.
In this paper, we apply SPM to the CII system for partially occluded 3D object reconstruction. Due to the use of the SPM technique, the originally recorded EIA is digitally mapped to an output plane to form a new EIA, which can be used to reverse the depth of 3D objects located farther from the lenslet array. The depth-reversed EIA allows the 3D image to be reconstructed at the distance near to the lenslet array, which implies the 3D image can be reconstructed with higher resolution.
II. REVIEW OF INTEGRAL IMAGING
Fundamentally, an integral imaging system consists of two processes: pickup and reconstruction, as shown in Fig. 1 . In the pickup process as shown in Fig. 1(a) , the rays coming from a 3D object through a pinhole array are recorded by use of a recording device as a form of two-dimensional (2D) EIA representing different perspectives of a 3D object. On the other hand, in the reconstruction process as shown in Fig. 1(b) , the recorded EIA are displayed on a display panel and then the 3D image can be reconstructed and observed optically through a lenslet array.
On the other hand, the 3D image may be also computationally reconstructed from the optically recorded EIA. This system is called a computational integral imaging (CII) [14] . The general CII system is shown in Fig. 2 . Compared to the integral imaging shown in Fig. 1 , the reconstruction process is performed in a computer only. One of the popular computation reconstruction methods is a computational integral imaging reconstruction (CIIR). Figure 3 shows an operational principle of the CIIR technique based on a pinhole model [7] . First, an elemental image is projected inversely through the corresponding pinhole. Second, if an image is reconstructed on the output plane from the pinhole array, the inversely projected elemental image is digitally magnified by z/g, representing the ratio of the distance z between the virtual pinhole array and the reconstructed output plane to the distance g between the pinhole array and the elemental image plane. Third, the enlarged elemental image is overlapped and summed at the corresponding pixels of the reconstructed image plane along the z axis. To completely reconstruct a plane image of a 3D object at the distance of z, this same process must be repeatedly performed for all of the acquired EIA through each corresponding pinhole. Through iterative computation of the above process by increasing the z value, a series of z-dependent plane images can be reconstructed along the output plane.
Recently an analysis for the image degradation of the CIIR process has been reported [11] . The main reason for image degradation is that a large magnification causes interference among elemental images when they are superposed. The magnification factor largely depends on the distance of the reconstruction plane in CIIR. That
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III. SPM-BASED CII FOR PARTIALLY OCCLUDED 3D OCJECT RECOGNITION
One of the popular applications of a CII system is the recognition of partially occluded 3D objects, in which occlusion seriously degrades system performance. The general system is shown in Fig. 2 . Since the occlusion is located in front of a 3D object (target object) of interest, the EIA of partially occluded objects is recorded in the CCD camera. Then, in the CIIR process using the recorded EIA we can reconstruct a series of plane images along the output plane. The plane image of the target object is obtained at the far distance where it is originally located, as shown in Fig. 2(b) . The reconstructed plane image of the occluded object is finally correlated with the original target object. The correlation performance depends on the resolution of reconstructed images.
In this paper, to improve the resolution of reconstruction images in the CIIR process, we apply the SPM technique to the CII system. The architecture of our SPMbased CII system is shown in Fig. 4 . In our proposed CII system, the EIA for 3D objects consisting of occlusion and target object is optically recorded. Then we transform the depth of the original EIA by using the SPM technique, which will result in a new depth-reversed EIA. The depthreversed EIA is applied in CIIR process and reconstructed as plane images. The final result is an output plane image which can be applied to the image evaluation or object recognition.
Smart Pixel Mapping
The principle of the SPM method is illustrated in Fig.  5 . SPM is a computational depth-reverse process in which the original EIA is convertible to ones recorded at the different pickup distance [12] . As shown in Fig. 5 , the EIA recorded at the far distance can be converted to one recorded near to the lenslet array. This effect can give us the movement of the output plane in the CIIR method for the target object as shown in Fig. 5 . By using this effect, we can obtain the resolution-enhanced plane image by reducing the interference problem from the magnification process.
The depth conversion in SPM involves a two-step recording process. In the first step, the 3D objects are recorded as the first EIA. By using the recorded EIA, 3D images are reconstructed at the distance at which it was captured. The reconstructed 3D images are then recorded again by a similar virtual pickup system to produce a depthreversed EIA. Here SPM is implemented using a direct pixels mapping process by using the first recorded EIA denoted by F. The conversion process is done digitally to produce the second set of EIA. The SPM algorithm for 1D case is formulated as
where 
In Eq. (1), T is the output of F after applying the SPM. The subscripts m and k are corresponding to the elemental image number and n and l are the pixel number in the given elemental image, respectively. The values M and N are the total number of EIA and the total pixels per elemental image, respectively. We set T equals to zero if the corresponding k < 1 or k > M. The effective distance of SPM is given as
where g is the distance between lenslet array and EIA.
CIIR PROCESS
The concept of CIIR can be explained by using Fig.  5(b) . Let the (p,q)-th elemental image be E pq . In order to reconstruct a plane image, elemental images inversely mapped to an output plane located at longitudinal distance z. The mapped elemental images on the output plane are magnified by applying a magnification factor. Then, the inverse mapped image ( 6 ) where m and n indicate the number of elemental images in x and y directions, respectively. Due to the magnification for each inversely mapped elemental image, superposition occurs for z/g > 1. And the overlapping numbers of inversely mapped elemental images to reconstruct a certain pixel may be different from the corresponding numbers used to reconstruct the adjacent pixels. These variations in intensity generate the degradation of the quality of the reconstructed images. Therefore the compensation process is required. To do so, we count the overlapping number N z (x,y) for each pixel. The normalized plane image is given by
As shown in the right of Fig. 5(b) , SPM-based CIIR process gives us the new reconstruction distance, which This new reconstruction distance allows the 3D object to be reconstructed computationally near to the lenslet array and thus improve the resolution of the reconstructed images.
IV. EXPERIMENTS AND RESULTS
We performed the preliminary experiments to show the usefulness of the proposed method. Throughout all of the experiments, we have adopted the structure as depicted in Fig. 7 . Occlusion and 3D object are placed at z = 15 mm and z = 75 mm, respectively. Then we can obtain the partially occluded object. The size of lenslet array used to record the 3D objects is 35×35. The focal length of the lenslet is f = 3 mm. An elemental image consists of 35×35 pixels and then the size of EIA is 1225×1225 pixels.
In the experiment, we performed a few experiments with different pairs of synthesized 3D objects. One of the test object pairs is shown in Fig. 7 , which consists of an occlusion 'Fence' and a target object 'Sheep'. The EIA synthesized from these test objects is shown in Fig.  8(a) . The EIA was applied with the SPM algorithm to generate a depth-reversed EIA, which is shown in Fig. 8(b) .
The depths of both test objects were changed in the depth-reversed EIA. Thus, we need to calculate the depth of target object 'Sheep' before the reconstruction takes place. By using Eq. (8), d is calculated as 105 mm and thus the new distance of the reconstruction plane was obtained as z′=30 mm. The depth-reversed EIA allows the 3D object to be reconstructed virtually near to the lenslet array, which can provide improvement in terms of image quality. In order to make the comparison, we had reconstructed the 3D object as plane image by using the original EIA and depth-reversed EIA, at the distances z = 75 mm and z′= 30 mm, respectively, as shown in Fig. 9 . As can be observed, the plane image reconstructed at the distance nearer to the lenslet array is clearer than the one reconstructed at its initial depth.
For the objective evaluation, we had also adopted peak signal-to-noise ratio (PSNR) as a measurement for image quality, which is defined as where P and Q are the size of reconstructed images in x-and y-direction. S(x, y) and R(x, y) represent the reference image and the reconstructed plane image, respectively. Figure 10 shows the other test objects pairs used for the experiments. Their reconstructed images are shown in Fig. 11 . The PSNR values for all the reconstructed target objects are summarized in Table 1 . The PSNR results show the proposed SPM-based CII system achieves better performance than the conventional CII system. The proposed system obtains an average PSNR increment of about 1.05 dB.
V. CONCLUSION
In conclusion, we have presented a SPM-based CII method and applied to the partially occluded 3D object reconstruction to improve the resolution. Since the SPM technique changes the initial depths of the 3D objects, the occluded object located at far distance was able to be computationally reconstructed at the distance near to the lenslet array, which allows the 3D object to be reconstructed with higher resolution. To show the usefulness of the proposed method, we carried out some experiments for several object sets and compared the results with the conventional CII system. As a result, our proposed SPM CII system has obtained an average improvement of about 1.05dB for the test objects used.
